Msx1 and Pax3 Cooperate to Mediate FGF8 and WNT Signals during Xenopus Neural Crest Induction  by Monsoro-Burq, Anne-Hélène et al.
Developmental Cell, Vol. 8, 167–178, February, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.devcel.2004.12.017
Msx1 and Pax3 Cooperate to Mediate FGF8 and WNT
Signals during Xenopus Neural Crest InductionAnne-Hélène Monsoro-Burq,1,* Estee Wang,
and Richard Harland
Department of Molecular and Cell Biology
University of California, Berkeley
Berkeley, California 94720
Summary
FGF, WNT, and BMP signaling promote neural crest
formation at the neural plate boundary in vertebrate
embryos. To understand how these signals are integ-
rated, we have analyzed the role of the transcription
factors Msx1 and Pax3. Using a combination of over-
expression and morpholino-mediated knockdown
strategies in Xenopus, we show that Msx1 and Pax3
are both required for neural crest formation, display
overlapping but nonidentical activities, and that Pax3
acts downstream of Msx1. In neuralized ectoderm,
Msx1 is sufficient to induce multiple early neural crest
genes. Msx1 induces Pax3 and ZicR1 cell autono-
mously, in turn, Pax3 combined with ZicR1 activates
Slug in a WNT-dependent manner. Upstream of this,
WNTs initiate Slug induction through Pax3 activity,
whereas FGF8 induces neural crest through both
Msx1 and Pax3 activities. Thus, WNT and FGF8 sig-
nals act in parallel at the neural border and converge
on Pax3 activity during neural crest induction.
Introduction
The neural crest (NC) forms at the border of the neural
plate, from posterior diencephalon to spinal cord levels,
as neural induction and patterning occur (Le Douarin
and Kalcheim, 1999; Knecht and Bronner-Fraser, 2002).
The integration of signaling that induces the NC by
specifiers of the neural plate border is still poorly
understood (Meulemans and Bronner-Fraser, 2004).
The earliest transcripts characteristic of the NC popula-
tion encode zinc-finger proteins of the Snail/Slug family
(Nieto et al., 1994; Aybar et al., 2003). Tissue interac-
tions that activate Slug expression involve secreted
molecules (Raven and Kloos, 1945; Selleck and Bron-
ner-Fraser, 1995; Mancilla and Mayor, 1996). The in-
teractions between ectoderm and neurectoderm in-
volve a combination of WNT and BMP antagonist
activities upstream of Slug activation (Mancilla and
Mayor, 1996; Chang and Hemmati-Brivanlou, 1998; La-
Bonne and Bronner-Fraser, 1998; Marchant et al., 1998;
Deardorff et al., 2001; Garcia-Castro et al., 2002). Fur-
ther interactions between the paraxial mesoderm and
the ectoderm require FGF signaling to activate NC de-
velopment in the ectoderm, and FGF8 is likely to play
a specific role in these interactions (Mayor et al., 1997;*Correspondence: anne-helene.monsoro-burq@curie.u-psud.fr
1Present address: UMR 146 CNRS/Institut Curie, Centre Universi-
taire, bat 110, 91405 Orsay, France.Monsoro-Burq et al., 2003). These inductive signals ac-
tivate neural plate border specifiers (ZicR1, Msx1, and
Pax3/7) that, in turn, may control the induction of the
NC specifiers (Snail, Slug, and FoxD3) (Meulemans and
Bronner-Fraser, 2004). Of all these factors, only Snail is
able to induce NC-specific markers (Slug, FoxD3, and
Zic5) in isolated ectoderm explants (animal caps) with-
out inducing neural- or mesoderm-specific genes
(Aybar et al., 2003). To understand these interactions,
we have assayed for transcription factors that (1) re-
spond to FGF and WNTs at the neural border of late
gastrula-early neurula embryos, (2) are required for NC
induction by FGF or WNT, and (3) activate the NC pro-
gram in target neural or ectodermal cells. Among the
homeobox-containing genes expressed in the pros-
pective dorsal aspect of the neural tube in several ver-
tebrate embryo models, Msx1 and Pax3 respond to
WNT8 in Xenopus embryos (Bang et al., 1997, 1999)
and to FGFs in various embryonic assays (Streit and
Stern, 1999; Poss et al., 2000; Bushdid et al., 2001;
Mina et al., 2002). In early Xenopus embryos, Msx1 is
an immediate-early response gene to BMP4 and acts in
dorsal-ventral and head-trunk patterning of the embryo
(Suzuki et al., 1997; Yamamoto et al., 2001). During NC
induction, the Msx1 gene is upregulated at the neural
border and acts upstream of Snail/Slug in vivo (Tribulo
et al., 2003). Mouse mutants for Msx1or Msx2 do not
display noticeable defects in early NC formation, pre-
sumably because of redundancy between Msx1, Msx2,
and Msx3 (Shimeld et al., 1996; Houzelstein et al., 1997;
Satokata et al., 2000). Double mutants for Msx1 and
Msx2 fail to develop a skull, indicating redundant activi-
ties in skull formation, but additional redundancy with
Msx3 may have prevented analysis of other NC deriva-
tives (Satokata et al., 2000).
Pax3 is strongly expressed in the dorsal half of the
neural tube in chick, mouse, human, and Xenopus em-
bryos (Goulding et al., 1993; Bang et al., 1997). Little is
known, however, about the role of Pax3 in early neural
patterning, in part because its function likely overlaps
with that of Pax7 (Relaix et al., 2004). Splotch mice,
with defective Pax3 activity (Chalepakis et al., 1994),
develop fewer NC cells than normal embryos and show
numerous defects in NC derivatives such as cardiac
NC, melanocytes, or peripheral ganglia (Lang et al.,
2000; Hornyak et al., 2001; Lang and Epstein, 2003). In
Xenopus, study of the requirement for Msx1 and Pax3
in early NC patterning is informative, because the early
anterior NC domain does not express Pax7 nor other
Msx genes.
Here, we address (1) the in vivo requirement for Msx1
and Pax3 during NC induction, (2) the mechanisms and
relationships between Msx1 and Pax3, (3) the activity
of FGF8 in NC induction in vivo, and (4) the requirement
for Msx1 and Pax3 during NC specification mediated
by WNT and FGF8. We develop overexpression and
knockdown strategies by using translation-blocking
morpholino oligonucleotides against the endogenous
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and in animal cap assays. d
(
sResults
c
1Msx1 Promotes Neural Crest Formation
cin Neuralized Tissue
1To determine whether the expression of the transcrip-
btion factors was compatible with an early role in NC
Nspecification, we compared Msx1, Pax3, Snail, and
iSlug gene expression at the neural plate border during
agastrulation and NC formation in Xenopus laevis
a(stages 9–19, Figures 1A and 1B and Supplemental Fig-
vure S1). Msx1 appears at stage 10.5 (early gastrula) in
a domain extending from the ventral side of the embryo
ito the edges of the neural plate. This expression is rein-
mforced at stage 11 (mid gastrula) (Figure 1Aa). Pax3 is
tfirst detected in the lateral neural border at stage 11
c(Figure 1Aa#), as described for Snail (Aybar et al., 2003),
wwhereas Slug is first detected at stage 12 (late gastrula,
vnot shown). Msx1 is expressed around the anterior neu-
oral fold at early stages only (stages 11–13, Figure 1Ab).
NAt stages 12.5–16 (neurula), overlapping expression of
these genes is found lateral to the neural plate (Figures 5Figure 1. Msx1, Pax3, and Slug Expression
in the Presumptive Neural Crest Domain and
Msx1 Neural Crest-Inducing Activity In Vivo
and in Explants
(A) Msx1 (a–d) and Pax3 (a#–d#) expression
in X. laevis at stages 11 (a and a#), 13 (b and
b#), and 16 (c–d#) costained with Krox20
(d–d#, indicates third rhombomere). Arrows
in a–a# indicate the blastopore lips at stage
11. a–a#, lateral views; b–d#, dorsal views.
(B) Coexpression of Msx1 and Slug by
double ISH (Msx1 [blue]; Slug [red]; a; b, dor-
sal views; a#–b#, transverse sections).
(C) Msx1 mRNA was injected in one blasto-
mere at the four cell stage, LacZ is revealed
in pink (yellow arrow points at injected side).
The embryos were analyzed at early (stage
13, a, c, e, and g) or late (stage 16, b, d, f,
and h) neurula stages by ISH for Slug (a and
b), Pax3 (c and d), Twist (e and f), and Sox2 (g
and h) (red bar, uninjected neural plate half;
yellow bar, width of the neural plate on the
injected side). Dorsal views.
(D–F) RT-PCR analysis of neural, ectoderm
and early NC markers: Pax3 and ZicR1 (D);
AP-2, Snail, and Slug (E); FoxD3, Pax3, Zic5,
and Sox9 (F) after coinjection of Msx1 and
Noggin. (D) Lane 4, Noggin (25 pg); lane 5,
Msx1 (500 pg); lane 6, Msx1 (500 pg) + Nog-
gin (25pg). (E) Lane 4, Noggin (25 pg); lane 5,
Msx1 (100 pg); lane 6, Msx1 (500 pg); lane 7,
Msx1 (100 pg) + Noggin (25 pg); lane 8, Msx1
(500 pg) + Noggin (25 pg). (F) Lanes 1–4, as
in (E). Lanes 5–7, Msx1 (100–250–500 pg).
Lanes 8–10, Noggin (25 pg) + Msx1 mRNA
(100–250–500 pg).A and 1B). Slug is detected in the Msx1 domain in
eep and superficial layers of the lateral neural plate
Figures 1Ba and 1Ba#, stages 14–16). However, at
tages 17–18 (late neurula), Msx1 expression is ex-
luded from the strongest Slug area (Figures 1Bb and
Bb#) as in chick embryos (see Supplemental Data). In
ontrast to Msx1, Pax3 overlaps with Slug from stages
3 to 20 (not shown). These observations suggest that
oth Msx1 and Pax3 could participate in early steps of
C induction but that Msx1 activity may not take part
n later steps of cephalic NC formation. Thus, Msx1 is
ctivated the earliest at the neural border, including the
nterior neural fold, before Pax3 and Snail/Slug acti-
ation.
We manipulated transcription factor levels by inject-
ng embryos toward the animal pole in one dorsal ani-
al (DA) blastomere at the 4–16 cell stage. This targets
he injection to the neural plate border and avoids the
omplicating activity of earlier roles during gastrulation;
idespread overexpression of Msx1 often causes se-
ere gastrulation defects (unpublished data). Msx1
verexpression in vivo results in the enlargement of the
C domain as shown by injecting Msx1 mRNA (100–
00 pg) into the prospective dorsal side of the embryos
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169in agreement with Tribulo et al. (2003). Neural and NC
marker expression was analyzed at both early (stage
13, Figures 1Ca, 1Cc, 1Ce, and 1Cg) and late (stage 16–
18, Figures 1Cb, 1Cd, 1Cf, and 1Ch) neurula stages:
Slug, FoxD3, and Twist expression were expanded at
the border of the neural plate toward the ectoderm (Fig-
ures 1Ca, 1Cb, 1Ce, 1Cf, and Supplemental Table S6).
Sox2 expression remained unchanged (Figures 1Cg
and 1Ch). The streams of Twist-positive NC cells mi-
grating laterally appeared more mature on the injected
side (Figure 1Cf). Pax3 expression was moderately
upregulated (Figures 1Cc and 1Cd). These injections
did not induce ectopic expression of NC markers in the
epidermis located far from the neural plate border nor
within the neural plate itself. Tadpoles exhibited eye
and head defects as expected (not shown) (Yamamoto
et al., 2001). In conclusion, Msx1 increases NC forma-
tion from tissue located outside but close to the neural
border in tissues subjected to attenuated BMP signals.
Animal caps form NC when injected with WNTs and
neuralizing factors (Saint-Jeannet et al., 1997; Chang
and Hemmati-Brivanlou, 1998; LaBonne and Bronner-
Fraser, 1998). We looked for a similar effect of Msx1 by
injecting it either alone or together with Noggin mRNA
as a neural inducer followed by ISH or RT-PCR analysis
(Figures 1D–1F, seven independent experiments). Nog-
gin alone does not induce Slug expression in the ex-
plants, whereas the coinjections of Msx1 and Noggin
strongly induce Slug expression (Figure 1E and Supple-
mental Data). Because Snail and AP-2 act upstream of
Slug, we first compared the regulation of these three
genes to the activation of the neural program in this
assay. Control noninjected caps express high levels of
epidermal keratin (Ep.k.). Noggin RNA injections (25 pg)
abolish Ep.k. expression and induce strong expression
of the neural markers Sox2 and Nrp1, but not Snail,
AP-2, or Slug (Figure 1E, lane 4). Msx1 RNA injections
(100 or 500 pg) do not affect Ep.k., Snail, Slug, Sox2, or
Nrp1 basal expression levels (Figure 1E, lanes 5 and 6).
AP-2 is activated by Msx1 alone at a 500 pg dose.
When combined with Noggin, however, both low (100
pg) and high (500 pg) levels of Msx1 resulted in the
strong induction of AP-2, Snail, and Slug with or with-
out neural or epidermal marker induction (Figure 1E,
lanes 7 and 8). Msx1 thus modifies the neuralizing activ-
ity of Noggin in this assay and induces NC markers in-
cluding Snail and AP-2, two genes that control Slug in-
duction.
We compared the induction of more dorsal neural
plate/NC markers, with a 100–250–500 pg range of
Msx1 mRNA (Figures 1D–1F). Among these markers,
ZicR1 (Figure 1D) and Zic5 (Figure 1F) are strongly acti-
vated by Noggin alone reflecting their expression in the
anterior midline rather than in NC (Mizuseki et al., 1998;
Nakata et al., 2000). We also consistently observed a
basal level of Sox9 expression in control AC (Monsoro-
Burq et al., 2003). Msx1 injections do not activate sig-
nificant levels of FoxD3, Zic5, or Sox9. A faint induction
of Pax3 is sometimes observed (Figure 1F, lane 6). In
contrast, all the NC markers tested are potently acti-
vated by the combination of Noggin and Msx1. The
most effective level of Msx1 mRNA, for the induction of
multiple NC genes, is the 250 pg dose. FoxD3 is consis-
tently induced by this intermediate dose of Msx1,whereas Sox9 appears at low doses and Zic5 is stronger
at higher doses. Pax3 is strongly activated by Msx1
combined with Noggin in vivo as well (Supplemental
Figure S4). In conclusion, this demonstrates that Msx1
cooperates with BMP antagonists both in vivo, outside
the neural border, and in explants and promotes strong
NC induction. Msx1 activates the expression of the
genes most upstream of the NC-inducing cascade re-
ported up to date, Snail and AP-2. This suggests that
Msx1 is early in the hierarchy of genetic activities con-
trolling NC development.
Blockade of the Endogenous Msx1 Activity Prevents
Neural Crest Induction In Vivo
We have blocked translation of the endogenous Msx1
mRNA in vivo with an antisense morpholino oligonucle-
otide (MO). Compared to the use of neomorphic forms
of Msx1 (Yamamoto et al., 2001; Tribulo et al., 2003),
this approach only targets the endogenous molecule
and, thus, is a clearer knockdown strategy. A fluores-
cent control MO does not affect the expression of the
genes tested (Supplemental Figure S2). The Msx1-spe-
cific MO (Msx1-MO) completely blocks the translation
of Msx1 from a cDNA sequence in vitro (Supplemental
Figure S2), whereas the control MO (co-MO) does not.
Injections at the two cell stage (40 ng) resulted into gas-
trulation defects, reflecting Msx1 function during earlier
development (not shown). Injections targeted to the
prospective neural plate did not affect gastrulation.
When injected into the embryo in one DA blastomere,
Msx1-MO (20 ng) blocks the activation of Slug (Figure
2Aa, 82%, n = 34) and FoxD3 (Figure 2Ab, 83%, n = 12)
at the border of the neural plate. A lower dose showed
little effect on Slug, FoxD3, or Twist early expression
(10 ng, Figure 2C, 83%, n = 27, and not shown). When
left side injected embryos were sorted for the coin-
jected fluorescent tracer (Figures 2Ac and 2Ad), they
showed decreased Slug (Figure 2Ae) and expanded
Pax3 (Figure 2Af) and Sox2 (Figure 2Ag). Because Pax3
is expressed both in the dorsal neural domain and the
NC-forming domain, we interpret this effect on Pax3 as
an effect on the dorsal neural tissue, expressing both
Pax3 and Sox2, expanded at the expense of the NC
domain, expressing Slug, FoxD3, Pax3, and Twist.
This effect of Msx1-MO was efficiently rescued by
RNA encoding a truncated version of Xenopus tropi-
calis Msx1, deleted of the Msx1-MO target sequence
(DXt-Msx1). Both Slug (Figure 2Ca, 84%, n = 25) and
FoxD3 (Figure 2Cb, 67%, n = 18) are expressed nor-
mally or at higher levels on the injected side. In addi-
tion, Msx1-MO and DXt-Msx1 mRNA were injected se-
quentially in one DA blastomere of four cell stage
embryos, whereas sibling embryos received only Msx1-
MO or DXt-Msx1 mRNA. Such sequential injections res-
cued the loss of NC markers observed after MO-only
injections, both in cephalic and trunk NC (Figures 2Cc
and 2Cd, Twist, n = 11/13 rescued, Slug, n = 8/9 res-
cued, and not shown). By current criteria (Heasman,
2002), the effect of the Msx1-MO thus specifically re-
flects the lack of an endogenous Msx1 activity during
the steps of the induction of the NC.
When Msx1 is depleted, the subsequent develop-
ment of several NC-derived structures (as well as other
Developmental Cell
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Mediated Depletion of Msx1 Activity Blocks
Neural Crest Induction
(A) Msx1-MO inhibited Slug (a) and FoxD3 (b)
(stage 16 neurulae, dorsal view). Sibling em-
bryos traced with fluorescence (c and d)
showed decreased Slug (e) and enlarged
Pax3 (red arrow, f), corresponding to increased
Sox2 expression laterally (g) at the expense
of the NC and ectoderm domain (h). Small
arrow indicates the midline.
(B) Phenotype of the Msx1 knockdown in
tailbud and tadpoles. ISH for Twist (stage 22,
a, dorsal view) and stage 35 (compare b and
c to d). Tadpoles exhibit craniofacial defects
and decreased melanocyte development (e
and f). b–f, lateral views.
(C) Dose response and rescue of Msx1 MO
injections. At 20 ng dose, Slug expression is
reduced in more than 80% of the embryos
(red line). This effect is rescued (16%) by the
coinjection of Msx1 MO with an Msx1 con-
struct lacking the MO binding sequence
(XT-Msx1, blue line). The control MO (co-
MO) does not affect Slug pattern (black line).
ISH for rescue of Slug (a) and FoxD3 (b). Se-
quential injections of Msx1 MO and XT-
Msx1 also restore Twist expression in the ce-
phalic and trunk NC (c, non injected side; d,
injected side).structures such as the neural tube and the heart) are t
saffected. By stages 18–22 (tailbud), open neural tubes
or hatching gland defects are observed especially
when high doses are used (40–76 ng, 100%, n = 102), P
Iwhereas there are almost no defects with the control
MO at these doses. After 20 ng injection, Twist expres- W
Ision strongly decreased at tailbud stage 22 (Figure
2Ba). At tailbud stage 35, the reduced Twist-positive p
hcephalic NC population does not migrate into the
branchial arches, resulting in a head curved toward the (
1injected side (Figures 2Bb–2Bd and 2Bf). Twist expres-
sion is also lost in trunk NC. These effects are rescued t
oby injection of the DXt-Msx1 mRNA (Figure 2Cd). In
Msx1-MO-injected embryos, pigmentation is reduced Z
scompared to stage 42 siblings injected with control MO
(Figures 2Be and 2Bf) and fin reductions are observed. s
cAt tadpole stage 45, branchial arch cartilage is strongly
reduced (not shown and Supplemental Figure S4, i
btable).
All these observations are related to defective de- c
velopment of both cephalic and trunk NC. We conclude
that early NC derivatives are strongly suppressed byhe Msx1-MO and that these effects are rescued by re-
toring Msx1 expression.
ax3 Activity Is Required for Neural Crest Formation
n Vivo and Pax3 Acts Downstream of Msx1
e then analyzed the activity of Pax3 in NC induction.
n vivo, overexpression of X. laevis (Figure 3A, 50–100
g,) or mouse Pax3 (not shown, 100 pg) mRNA in one
alf of the embryo results in the upregulation of Slug
Figure 3Aa, 76%, n = 29), Snail (Figure 3Ab, 75%, n =
2), and FoxD3 (Figure 3Ac, 83%, n = 16) adjacent to
he neural plate border. We have also found that an-
ther NC regulator induced by Msx1 in animal caps,
icR1, synergized with Pax3 both in vivo and in AC as-
ay (see below). In vivo, ZicR1 expands Slug expres-
ion adjacent to the neural border (Figure 3Ad), but
oinjections of both Pax3 and ZicR1, targeted ventrally,
nduce Slug in the ventral ectoderm far from the neural
order vicinity (Figure 3Ae), showing that this simple
ombination is sufficient to induce ectopic NC.
To analyze the requirement for endogenous Pax3 ac-tivity in NC induction, we have designed a Pax3-spe-
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171Figure 3. Pax3 Overexpression Increases
Neural Crest Formation In Vivo, whereas De-
pletion of Pax3 Activity In Vivo Prevents Neu-
ral Crest Formation
(A) Injections of 50–100 pg of Pax3 increase
Slug (a), Snail (b), and FoxD3 (c) at the neural
border as does ZicR1 (500 pg, d). In con-
trast, coinjections of Pax3 + ZicR1 expand
NC at the neural border (not shown) and in-
duce ectopic ventral Slug expression when
targeted ventrally (e, ventral views). a–d, dor-
sal views.
(B) Pax3-MO blocks Slug (a) and FoxD3 in-
duction (b). In contrast, Pax3 mRNA is stabi-
lized by the binding of the MO, resulting in
an increased ISH signal (c), and Msx1 is un-
affected (d).
(C) Tadpole phenotype after Pax3 knock-
down. Twist expression is strongly de-
creased (a and b, frontal views), embryos
show fin and craniofacial defects (c), and
pigment cells do not differentiate after bilat-
eral injections (d amd e, albinos eggs fertil-
ized with sperm from pigmented male).
(D) Pax3-MO injection phenotype is dose de-
pendent. More than 80% of the embryos
show decreased NC markers expression at
doses above 30 ng (red square). An MO with
two nucleotide mismatch (Pax3-MO-mis,
open squares) downregulates Slug expres-
sion in only 30% of the embryos, and the
control-MO has no effect (circles). Mouse
Pax3 mRNA rescues the knockdown pheno-
type (rescue, black circles): ISH for Slug (a)
and FoxD3 (b).cific MO (Pax3-MO), which blocks the translation of
Pax3 in vitro (Supplemental Figure S3). When injected
in the prospective NC domain, Pax3-MO inhibited most
of Slug (Figure 3Ba, 88%, n = 65 at a 30 ng dose) and
FoxD3 induction (Figure 3Bb, 88%, n = 16 at a 50 ng
dose). In contrast, Msx1 expression is not modified by
Pax3-MO (Figure 3Bd) and Pax3 mRNA expression
itself is slightly increased, consistent with stabilization
of mRNA bound to its MO (Figure 3Bc). Tailbud stage
embryos showed open neural tube defects and severe
decrease in Twist-positive NC branchial arch streams
(Figures 3Ca and 3Cb). Tadpole stages exhibit
branchial defects, leading to head curvature (Figure
3Cc), severe pigmentation loss (Figure 3Cd and 3Ce,
albino background) as expected after loss of Pax3
function (Hornyak et al., 2001), and reduced dorsal and
ventral fins. When a Pax3-MO with two mismatches
(Pax3-MO/mis) is used, most of the activity observed
with the full-match MO is lost: only 30% of the embryos
show a decrease in Slug or FoxD3 expression (30 ng,
n = 49). The effect of Pax3-MO was efficiently rescued
by the coinjection of mouse Pax3 (mPax3, 100 pg): both
Slug (Figures 3D and 3Da) and FoxD3 (Figures 3D and
3Db) are expressed at normal or increased levels on
the injected side. Efficient rescue was also obtained by
successive injections of the MO followed by mPax3
mRNA in the same DA blastomere (not shown).
Finally, we assayed activity of Pax3 in animal cap as-
says and found that overexpression of Pax3 in animal
caps alone or together with Noggin mRNA under similarconditions to the ones used for Msx1 did not result in
Slug or FoxD3 induction (not shown). We postulated
that Msx1 induces at least one other critical factor dis-
tinct from Pax3 and that this factor is required for Pax3
to induce NC. ZicR1 is among the genes induced by
Msx1 in neuralized animal caps and shown to expand
the NC domain in vivo (Mizuseki et al., 1998). Indeed,
coinjections of ZicR1 and Pax3 were sufficient to acti-
vate Slug and FoxD3 expression in animal caps in the
absence of additional BMP antagonism (Figure 4D).
These data therefore showed that (1) Pax3 expres-
sion can be induced by overexpressing Msx1 in neura-
lized animal caps and in vivo even if Msx1 is not primar-
ily required for Pax3 activation in vivo, (2) Pax3 appears
at the neural border after Msx1 and is not required for
Msx1 gene expression, and (3) that both transcripts are
required for NC induction in vivo. In neuralized ex-
plants, Msx1 induces the expression of a wide range of
NC markers, whereas Pax3 does so in cooperation with
ZicR1, another Msx1 target in this assay. We conclude
that Msx1 and Pax3 display overlapping activities in
vivo but have distinct activities in isolated neuralized
ectoderm.
Msx1 Specifies Neural Crest by a Non-Cell-
Autonomous Mechanism Involving Pax3 and WNTs
The data above suggest that Pax3 acts downstream of
Msx1 in the NC induction cascade. We have addressed
this by analyzing Slug expression after coinjecting
either the Msx1-MO with Pax3 mRNA or Pax3-MO with
Developmental Cell
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NC Induction by Msx1 and Pax3
(A) Epistasis between Msx1 and Pax3 (stage
17 neurulae, dorsal views). When Msx1-MO,
which downregulates Slug expression at the
neural border (a), is coinjected with Pax3
mRNA (b), Slug expression is restored. The
decreased Slug expression observed after
injections of Pax3-MO (c) is not rescued by
the coinjections of Pax3-MO and Msx1
mRNA (d).
(B) RT-PCR analysis on animal caps injected
with Msx1 + Noggin in the presence of con-
trol (lane 3), Pax3 (lane 4), or β-catenin (lane
5) MOs.
(C) In animal cap dissociation assay, Sox2 is
induced (lanes 4–6). NC induction observed
in nondissociated sibling caps (lanes 5), but
not obtained after dissociation (lanes 4 and
6). However, the dissociated cells induce
Pax3 and ZicR1 expression (lane 6). Intact
animal caps (+), dissociated AC (−).
(D) Pax3 + ZicR1 coinjections induce Slug
and FoxD3 when the animal caps are intact
(lane 5), but not after dissociation (lane6).
Intact animal caps (+), dissociated animal
caps (–).
(E) Pax3 + ZicR1 activation of Slug is blocked
by NFz8, but not by cyp26 or a DNA binding
mutant of Su(H) (SDBM).
(F) Model part 1: Msx1 combined to BMP
signaling attenuation activates Pax3 and
ZicR1 in explants. Msx1 induction of Slug re-
quires Pax3 activity in vivo and in explants.
In turn, Pax3 + ZicR1 are sufficient to acti-
vate Slug in vivo and in explants in coopera-
tion with a WNT signal.
(G) Phenotype of the double knockdown, Msx1-MO + Pax3-MO. Twist expression is largely depleted in cephalic NC (a, frontal view) and trunk
NC (b, white arrows, normal side; red arrows and dots, injected side; dorsal view of the spinal cord). Branchial arch cartilages do not
differentiate or are strongly reduced (c and d, ventral views and dissected cartilage). Fin mesenchyme does not form when NC is fluorescently
labeled on the injected side (e and f, see Supplemental Data).Msx1 mRNA (Figure 4A). The inhibitory effect of Msx1- i
iMO (Figure 4Aa, 50% of the embryos showed de-
creased Slug expression, n = 14) was efficiently res- f
pcued by Pax3 mRNA (Figure 4Ab, 96% of normal Slug
expression, n = 30), whereas Pax3-MO reduced Slug e
aexpression both alone (Figure 4Ac, 66% of decreased
Slug expression, n = 12) or in the presence of Msx1 1
amRNA (Figure 4Ad, 71% show decreased Slug expres-
sion, n = 7). We thus conclude that in vivo NC induction t
pby Msx1 requires Pax3 activity, whereas overexpression
of Pax3 can activate NC formation in the absence of n
wendogenous Msx1 activity. We have addressed the
same question in explants, when neural crest is in- F
mduced by Msx1 + Noggin coinjection (Figure 4B). Al-
though Pax3 is induced by Msx1 + Noggin in the pres- (
tence of the control MO or Pax3-MO (Figure 4B, lanes 3
and 4), Slug induction is prevented by Pax3-MO (lane a
d4). This demonstrates that both in vivo and in neura-
lized ectoderm, Pax3 function is required for NC induc- a
stion by Msx1.
Observation of embryos coinjected with Msx1 and u
aNoggin showed that the LacZ positive cells sometimes
lack Pax3 or Slug expression (Supplemental Figure S4). c
WThus Msx1 and Noggin are not sufficient for autono-
mous Slug induction, suggesting additional cell-cell (
2communication is required. We tested this by dissociat-ng animal caps after either Msx1 + Noggin or Msx1
njections (Figure 4C). Control dissociated caps dif-
erentiate into neuralized tissue as shown by their ex-
ression of Sox2 (not shown) because of the dilution of
ndogenous BMP4 at the onset of gastrulation (Wilson
nd Hemmati-Brivanlou, 1995; Knecht and Harland,
997). Msx1 overexpression in such dissociated cells
lso resulted in Sox2 expression but was not sufficient
o induce NC markers (Figure 4C, lane 4). Sibling ex-
lants injected with Msx1 + Noggin showed stronger
euralization (lanes 5 and 6). Intact animal caps that
ere injected with Msx1 + Noggin expressed Slug,
oxD3, Pax3, and ZicR1 (lane 5), but the NC-specific
arkers Slug and FoxD3 were lost in dissociated caps
lane 6). These observations demonstrate that Msx1 ac-
ivates Pax3 and ZicR1 cell autonomously in explants
nd suggested that Pax3 + ZicR1 activity on Slug in-
uction might not be cell autonomous. We dissociated
nimal caps injected with Pax3 + ZicR1 (Figure 4D) to
how that, indeed, Slug and FoxD3 induction was lost
pon dissociation (lane 6). Finally, we have looked for
factor mediating this induction by blocking several
andidate pathways known to act in NC induction:
NT signaling with NFz8 (a truncated Fz8 receptor)
Deardorff et al., 1998), retinoic acid signaling with Cyp
6 (Shiotsugu et al., 2004), and Notch signaling with a
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173Figure 5. Neural Crest Induction by the WNT
Pathway Requires Pax3, but Not Msx1 Ac-
tivity
(A) In vivo overexpression of Wnt7b in the
neural fold results in Slug and Pax3 in the
presence of control or Msx1 MOs. In con-
trast, Pax3-MO coinjections block Wnt7b ac-
tivity and result in downregulation of Slug in
the neural fold. (MOs are traced with fluores-
cence, and RNAs are traced with LacZ).
(B) RT-PCR analysis of animal caps injected
with Wnt7b + Noggin in the presence of con-
trol (lane 4), Msx1 (lanes 5 and 7), and Pax3
(lanes 6 and 7) MOs. Msx1-MO does not pre-
vent Pax3 nor Slug induction, whereas Pax3-
MO reduces Slug induction.
(C) The activity of the canonical WNT path-
way is required for activation of Msx1 and
Pax3 in the neural folds: β-catenin MO (Sup-
plemental Data) or of GSK3 injections in one
cell at the 16 cell stage.
(D) Model part 2: activation of Msx1 and
Pax3 expression in the embryo requires an
active WNT signaling, but WNT pathway de-
pends on Pax3 function only for Slug in-
duction.DNA binding mutant of Su(H) (Pirot et al., 2004). Of
these three, NFz8 injections efficiently suppressed Slug
activation by Pax3 + ZicR1 both in explants (Figure 4E)
and in vivo (not shown). NFz8 also blocked Slug activa-
tion by Msx1 and Pax3 in vivo (not shown, n = 21 and
n = 31). This is also consistent with the observation that
a β-catenin-MO, which blocks canonical WNT signal-
ing, also prevents induction of Slug by Msx1 and Nog-
gin (Figure 4B, lane 5).
We conclude that (1) overexpressing Msx1 in dissoci-
ated neuralized ectoderm is not sufficient to specify NC
formation, (2) Msx1 requires a nonautonomous signal
to induce NC and also requires Pax3 activity, (3) Pax3
and ZicR1 are activated cell autonomously by Msx1 in
neuralized caps and are sufficient to induce NC, and (4)
they require cell communication to specify NC by using
WNT signals. These conclusions are schematized in the
first part of the model (Figure 4F).
Finally, we have analyzed the phenotype of the
double Msx1 + Pax3 knockdown (Figure 4G, details in
Supplemental Figure S4). Slug and Twist expression is
reduced (Figures 4Ga and 4Gb), but residual expression
is observed as for single knockdown. Branchial arch
cartilages, Meckel’s, and maxillary cartilages are atro-
phied or absent (Figures 4Gc and 4Gd), and the few
injected trunk NC cells that form above the neural tube
fail to migrate into the fins and die above the neural
tube (Figures 4Ge and 4Gf). In brief, both cephalic and
trunk NC derivatives are affected, the defects being
similar to those observed in the single knockdown but
with greater severity.
WNT Induction of Neural Crest Requires Pax3,
but Not Msx1
WNT signals are critical for NC induction both in vivo
and in various in vitro assays. We have shown that
WNTs are involved in a step downstream of Pax3 +
ZicR1 activity but upstream of Slug (Figure 4E, lane 5).
Here, we tested whether the activity of WNTs on NCformation may also depend upon Msx1 and Pax3 activ-
ity. We supplied Wnt7b (50 pg) with Msx1-MO (20 pg)
or Pax3-MO (30 pg) in the prospective dorsal side of
the embryo (Figure 5A). In stage 18 neurulae, Wnt7b
enlarged the Slug or Pax3 expression domain in the
presence of either the control MO (n = 69) or Msx1-MO
(n = 43). In contrast, Slug was decreased when Wnt7b
was coinjected with Pax3-MO (51% decrease, n = 20).
We confirmed these observations in explants by moni-
toring NC induction by Wnt7b + Noggin in the presence
of the different MOs (Figure 5B). As is the case in vivo,
normal Slug and Pax3 expression is induced in the
presence of the control-MO or Msx1-MO (lanes 4 and
5). In the presence of Pax3-MO, Slug induction is abol-
ished (lanes 6 and 7). We conclude that the NC-induc-
ing ability of Wnt7b absolutely requires Pax3 activity in
explants and requires Pax3 for efficient induction of
Slug in the embryo.
WNT signals are required for the expression of both
Msx1 and Pax3 genes in the neural folds (Figure 5C),
because GSK3 injections targeted to the neural fold
abolish both Msx1 and Pax3 activation (also Supple-
mental Figure S5) (LaBonne and Bronner-Fraser, 1998;
Bang et al., 1999). However, Pax3 or Slug can be in-
duced by WNTs even when Msx1 function is depleted.
Thus, these experiments demonstrate that WNT signal-
ing may act at two distinct steps of early NC induction.
This second part of the model is schematized in Fig-
ure 5D.
Neural Crest Induction by FGF8 Requires
both Msx1 and Pax3 Activities
We have previously shown that FGF8 could mimic NC
inducing signals from the underlying paraxial meso-
derm, although we could not discriminate FGF8 activity
from that of other mesoderm-derived FGF signals in
vivo (Monsoro-Burq et al., 2003). By overexpressing
Ffg8 mRNA (50–100 pg) in one blastomere of two or
four cell stage embryos, we show here that FGF8 also
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erties Requires Msx1 Activity
(A) Msx1 exhibits a strong response to FGF8
overexpression (50 pg) and is broadly acti-
vated on the injected side, including lateral
and ventral areas of the embryo (a). The
FGF8-AMO (40 ng) abolishes Msx1 expres-
sion (b). FGF8 overexpression does not
increase the level of Pax3 expression but,
rather, expands the Pax3 domain (c). FGF8-
MO decreases Pax3 expression partially on
the injected side (d).
(B) Fgf8 mRNA injections (125–250 pg) either
alone or with the control MO expanded
greatly Slug expression around the neural
plate (c). At this dose, Pax3 expression also
encompassed the ANF (a). In the presence
of Msx1 MO, FGF8 induction of Slug is abol-
ished (d), whereas Pax3 remains as with con-
trol (b). Pax3-MO also blocks Slug activation
by FGF8 in vivo.
(C) FGF8MO does not affect global pattern-
ing of the neural plate as shown by the mild
shift in Krox20 expression by rhombomeres
three and five but, rather, prevents NC induc-
tion as seen by the loss of rhombomere five
NC (arrows).
(D) Msx1 overexpression rescued the loss of
FGF8 activity, showing that Msx1 mediates
FGF8 activity. Both Slug (stage 19 tailbud) and Twist (stage 35 tadpoles) are efficiently rescued both in cephalic NC (individual streams are
rescued) and trunk NC.
(E) Model part 3: FGF8 controls Msx1 expression in vivo independently of WNTs, but FGF8 depends on both Msx1 and Pax3 for inducing Slug.upregulates the expression of Msx1 strongly in the in- T
gjected area (Figures 6A and 6Aa, 90%, n = 31). Older
embryos have reduced or absent head structures and K
bectopic Twist expression in the trunk areas (not shown).
Msx1 induction is independent from the WNT pathway, r
tbecause FGF8 (100 pg) + NFz8 (500 pg) injections in-
duce Msx1 as efficiently as FGF8 alone (93% induced,
an = 31, not shown). In this case however, Slug induction
was limited (53% decreased, n = 28 compared to 100% F
adecrease with NFz8 [n = 18] alone and 87% increase
with FGF8 alone [n = 16], not shown). The effect of s
eFGF8 overexpression was less obvious for Pax3 ex-
pression: Pax3 staining is rather diffuse and over a c
islightly more extended domain (Figures 6A and 6Ac).
To analyze the requirement for FGF8 during NC in- t
bduction in vivo and test for potential redundant FGF-
like activities, we have selectively knocked down FGF8 F
Mwith a specific MO (20–40 ng). This MO blocks Slug
expression in vivo, showing the specificity and require- t
mment for FGF8 activity in NC induction (not shown) (R.
Fletcher, A.-H.M.-B., and R.H., unpublished data). The M
(FGF8-MO abolished Msx1 expression on the injected
side (Figures 6A and 6Ab, 88%, n = 9) and also reduced w
aPax3 expression, although a faint residual staining was
usually observed (Figure 6A and 6Ad, 83%, n = 12). b
tHeparin beads soaked in the FGF-signaling inhibitor
SU5402 (120 M, Calbiochem) or in DMSO were im- e
(planted in the prospective neural folds of stage 11.5
embryos, and Msx1 expression was analyzed about 30 a
smin after implantation at stage 12.5. Although DMSO
beads did not affect Msx1 pattern, the SU5402 beads e
nreduced Msx1 expression around the implantation site,
suggesting that Msx1 expression is regulated by FGF i
signaling around the time of NC induction (not shown).he dose of FGF8-MO we used does not ablate the
eneral patterning of the neural tube as reflected by
rox20 expression (Figure 6C). Krox20-positive rhom-
omeres three and five were only slightly shifted poste-
iorly on the injected side, whereas the NC derived from
he fifth rhombomere was strongly depleted.
Second, we have tested the requirement for Msx1
nd Pax3 during NC induction by FGF8. Coinjection of
GF8 mRNA (100–200 pg) and Msx1-MO abolished the
ctivation of Slug on the injected side, whereas diffu-
ion of FGF8 to the contralateral side still caused Slug
xpansion (compare Figures 6Bc–6Bd, 87%, n = 41). In
ontrast, Pax3 expression was not decreased by the
njection (Figures 6Ba–6Bb). When FGF8 was injected
ogether with Pax3-MO, Slug activation was also
locked on the injected side (Figures 6Be, 95%, n = 45).
inally, we have analyzed the specific requirement for
sx1 activity for mediating FGF8 signals by rescuing
he effects of FGF8-MO by overexpression of Msx1
RNA (Figure 6D). Sibling embryos injected with FGF8-
O only lacked both Slug (88%, n = 18) and Twist
100%, n = 11) staining on the injected side (the face
as completely devoid of staining and the head curved
s observed before when NC does not migrate into the
ranchial arches). When Msx1 was overexpressed,
hese effects of FGF8-MO are efficiently rescued: Slug
xpression is almost as strong as on the control side
68% rescued, n = 37) both in cranial and trunk NC,
nd tailbud embryos display Twist-positive individual
treams of NC in the branchial arches and around the
ye as well as Twist-positive trunk NC (78% rescued,
= 23). Thus, Msx1 efficiently rescues the loss of FGF8
n vivo during NC development.
We conclude from these experiments that (1) FGF8 is
Control of Neural Crest Induction by Msx1 and Pax3
175required to activate Msx1 at the neural border in early
embryos independently of WNT signals, (2) Msx1 activ-
ity is necessary to allow NC specification by FGF8, (3)
activation of Pax3 expression is not tightly linked to
FGF8 signals in vivo, and, finally, (4) in vivo FGF8 also
requires Pax3 activity to activate ectopic Slug expres-
sion as shown schematically in Figure 6E.
Discussion
During gastrulation in vertebrate embryos, a ventral to
dorsal difference in BMP activity contributes to meso-
dermal and ectodermal patterning. NC forms at the lat-
eral edges of the neural plate at a region of intermedi-
ate BMP activity levels (Mancilla and Mayor, 1996;
Nguyen et al., 1998). Strong activation of NC-specific
markers requires additional signals, such as WNTs and
FGFs, although these factors usually do not activate
NC formation in naive ectoderm by themselves (Chang
and Hemmati-Brivanlou, 1998; LaBonne and Bronner-
Fraser, 1998; Marchant et al., 1998; Garcia-Castro et
al., 2002). FGF8 is able to induce several NC markers
transiently in isolated animal cap ectoderm but cooper-
ates with other factors for efficient NC specification
(Monsoro-Burq et al., 2003).
FGF8 and WNT Pathways Differ in the Mechanisms
of Activation of the Neural Border Specifiers and
in Their Dependence upon Msx1 or Pax3 Function
To understand how BMP, WNT, and FGF8 signaling
pathways are integrated in NC formation, we study their
relationships with two transcription factors activated at
the neural plate border, Msx1, and Pax3 (Figure 1) (Meu-
lemans and Bronner-Fraser, 2004). Msx1 expression is
controlled by both FGF8 and WNTs, whereas Pax3 ex-
pression is not tightly linked to FGF8 signals but, rather,
to WNT activity (Figures 5, 6, 7A, and 7B) (Bang et al.,
1997, 1999). In addition, Msx1 is induced by FGF8 even
when WNT signaling is inhibited, demonstrating that
initially the two pathways act independently. Moreover,
Msx1 function is required for NC inducing activity medi-
ated by FGF8, and Msx1 is sufficient to rescue the loss
of FGF8 function (Figure 6). Msx1 is not required for NC
induction by WNT activity (Figure 5), but Pax3 activity
is necessary for the induction of NC by both FGF8 and
WNTs (Figures 5 and 6). These functional interactions
are summarized in the final model (Figure 7C).
Mechanisms of Neural Crest Induction by Msx1
and Pax3 and Epistatic Relationships
between Msx1 and Pax3
Endogenous activity of Msx1 and Pax3 are each re-
quired for neural crest induction in vivo (Figures 2 and
3). Both cephalic and trunk NC derivatives are severely
affected after the loss of Msx1, Pax3, or both activities
by morpholino knockdown in vivo (Figures 2, 3, and 4).
Moreover, NC induction by Msx1 depends on Pax3 and
WNT activities both in explants and in vivo (Figure 4).
In explants, Msx1 cooperates with BMP antagonists
to induce NC in the ectoderm (Figure 2). Genes that
have been shown to regulate NC formation (Snail andFigure 7. Model of Integration of Secreted Neural Crest Inducer
Activity at the Neural Border
(A) Regulation of Msx1 and Pax3 expression in vivo at the neural
border. Knockdown of the gene upstream affects the expression of
the genes downstream in vivo.
(B) Regulation in overexpression assays. Overexpression of the
gene upstream in vivo or in explants results in the increased ex-
pression of the gene downstream. (1) In explants, Msx1 and WNTs
cooperates with BMP antagonists to induce NC markers, and
ZicR1 is induced by Noggin alone or combined to Msx1. (2) Pax3
combined to ZicR1 induces Slug and FoxD3 both in vivo and in ex-
plants.
(C) Model of functional network in NC induction. The display of
the model follows three categories of genes at the neural border
according to Meulemans and Bronner-Fraser (2004): after the neu-
ral border is defined by setting an intermediate BMP activity,
factors required for NC induction are classified into secreted NC
inducers, neural border specifiers, and NC specifiers. In blue,
genes that are required for Slug activation in vivo as shown by
knockdown in this study. Blue arrows indicate that Slug expansion
obtain by overexpression of the upstream gene is blocked by
knockdown of the downstream gene in vivo. Red arrow indicated
similar epistasis in explants with additional BMP antagonism in the
case of Msx1 and WNTs. Finally, the effects of Pax3 combined to
ZicR1 were obtained by overexpression both in vivo and in ex-
plants (green arrow) and depend on additional WNT signals.AP-2) as well as other NC markers (Slug, FoxD3, Sox9,
Zic5, ZicR1, and Pax3) are activated. In contrast, Pax3
overexpression is not sufficient to induce NC in naive ec-
toderm or in neuralized ectoderm in explants, whereas
Pax3 overexpression induces Slug at the neural border
in the embryo in vivo, showing the requirement for addi-
tional factors (Figure 3). When Pax3 is coinjected with
ZicR1, another neural border specifier induced by
Msx1, NC markers are induced both in naive ectoderm
(animal caps) or ectopically in vivo (Figures 3 and 4).
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winduces other neural border specifiers (Pax3 and ZicR1)
in a cell autonomous manner, whereas NC specifiers i
p(Slug and FoxD3) require cell contacts (Figure 4C). In
turn, Pax3 cooperates with ZicR1 independently of b
PBMP attenuation to activate Slug and FoxD3, and this
induction depends on additional WNT signals (Figures
m4D–4E). We conclude that NC specifiers are activated
in two steps by the neural border regulators (Figures m
t7B and 7C).
d
aReiterated WNT Signal Activity in the Early
(Steps of NC Induction
MIt is known that WNT signals are involved both in induc-
Btion and in later development of NC derivatives (mela-
cnocytes) (Lewis et al., 2004). Here, we show that dis-
dtinct steps of early NC induction also depend on
lreiterated use of WNTs. WNT signals act upstream of
aPax3 both for regulation of Pax3 expression and be-
ncause they require Pax3 activity to induce Slug in vivo
aand in explants (Figure 5). Moreover, Slug expression
winduced by Pax3 + ZicR1 depends on WNTs both in
dexplants and in vivo (Figure 4). These complex relation-
nships are consistent with the need for WNT signaling
sdownstream of FGF8 and Msx1 during Slug induction
Bin explants and in vivo (Figure 4, not shown, and Figure
M7C). In contrast, although WNT signals are required to
Lactivate Msx1 at the border, overexpressed WNTs in-
pduce neural crest in the absence of Msx1 activity and,
sthus, cannot be placed solely upstream of Msx1 in the
tfunctional cascade (Figure 7C).
EModel of Msx1 and Pax3 Interactions during Neural
Crest Induction by FGF8 and WNTs R
We propose that FGF8 (acting via Msx1) and WNTs con- X
verge on Pax3. In turn, Pax3 cooperates with ZicR1 ac- p
(tivated by BMP antagonists to activate Slug and
tFoxD3, cooperating with additional downstream WNT
msignals (Figure 7C). This model supports the existence
pof multiple and independent pathways in neural crest p
induction, converging on a few transcription factors M
that cooperate at the neural border. f
EWe have validated most of the steps of our cascade
cboth in vivo and in explants (blue and red arrows,
Prespectively). The only discrepancy we observe is the
sincrease in Pax3 expression after Msx1 overexpression S
(seen most strongly when Msx1 is coinjected with Nog- P
gin) (Figures 1, 4, and 7B), whereas the knockdown of (
Msx1 instead expands the Pax3-positive neural plate
Idomain (Figure 2). This may indicate separate control
Sof Pax3 in the neural tube and NC domains such that
mendogenous activation of Pax3 in the lateral neural
M
plate is not dependent upon Msx1 activity (Figure 7A)
but that upregulation of Msx1 early on may participate R
in Pax3 upregulation in the NC domain (Figure 7B). A
We then addressed the possibility of alternative path- a
Bways acting in vivo. Blocking any steps of the proposed
Lcascade in Figure 7 strongly downregulated NC marker
nexpression and resulted in severe depletion of NC de-
v
rivatives (Figures 2, 3, 5, and 6). However, a faint resid-
ual expression of NC markers was observed in most A
embryos even in the case of the double knockdown of S
tMsx1 and Pax3 (Figure 4Ga). This indicates that al-hough the cascade we describe here is a major path-
ay of NC induction, some minor induction could occur
ndependently. Alternatively, it could be due to incom-
lete knockdown of translation by the MO used; when
oth of the parallel pathways are inhibited (FGF8-Msx1-
ax3 and WNT-Pax3), the NC is severely depleted.
In conclusion, we provide insights into the molecular
echanisms of NC initiation by the integration of
ultiple signaling pathways during NC specification at
he neural border from the activity of the secreted in-
ucers to their downstream targets in the neural border
nd the interactions among the neural border specifiers
Figure 7C). Msx1 is an essential factor in this process.
sx1 expression is activated by FGF8-, WNT-, and
MP-signaling pathways (Figure 7A). BMP signals
ould account for the initial activation at the neural bor-
er in continuity with the BMP gradient activity estab-
ished during gastrulation, whereas the WNT and FGF8
ctivities would enhance Msx1 expression during early
eurulation as the underlying paraxial mesoderm and
djacent ectoderm patterning is established. This
ould explain why the maximal expression of Msx1
oes not necessarily overlap with BMP activity during
eurulation (Tribulo et al., 2003). We also provide a ba-
is for the common NC-inducing activities of WNT,
MP, and FGF signals (Mancilla and Mayor, 1996;
ayor et al., 1997; Chang and Hemmati-Brivanlou, 1998;
aBonne and Bronner-Fraser, 1998), because these
athways activate or maintain Msx1 and Pax3 expres-
ion in the neural folds and depend on Msx1 or Pax3
o complete NC induction.
xperimental Procedures
NA Injections, Embryo Manipulations
enopus laevis (Xl.) embryos were analyzed according to standard
rocedures (Sive et al., 2000). Nuclear-targeted β-galactosidase
100–200 pg) mRNA was coinjected with the test mRNA for lineage
racing. Capped messenger RNAs were synthesized with the
MESSAGE mMachine kit (Ambion). We used Msx1 and Noggin
lasmids (Knecht and Harland, 1997; Suzuki et al., 1997). For mor-
holino rescue experiments, a Xenopus tropicalis EST encoding
sx1 was subcloned in pCS107 after removal of the EcoR1-EcoRV
ragment located upstream of the start codon. A Xenopus laevis
ST encoding the full-length Pax3 sequence and the mouse Pax3
lone (a kind gift from A. Mansouri and P. Gruss used to rescue the
ax3-MO phenotype) were subcloned in pCS108. WNT and FGF
ignaling were modulated with XWnt8 (p64T-XWnt8), Glycogen
ynthase Kinase 3 (pCS2-xGSK3), NFz8 (Christian et al., 1991;
ierce and Kimelman, 1996; Deardorff et al., 1998), or XFGF8
Christen and Slack, 1997) subcloned into pCS107.
n Situ Hybridization
ingle and double in situ hybridization (ISH) (Sive et al., 2000) with
inor modifications used probes for Slug, FoxD3, Twist, and chick
sx1 (Hopwood et al., 1989; Monsoro-Burq et al., 1995, 2003).
NA Isolation and Reverse Transcriptase-PCR Assay
nimal caps (AC) were cut at stage 9, aged up to stages 17–20, and
nalyzed by RT-PCR (10–12 AC per lane) (Sive et al., 2000; Monsoro-
urq et al., 2003). Primers were described in Mizuseki et al. (1998),
uo et al. (2003), and Monsoro-Burq et al. (2003). In all gels, lane 1 is
oninjected stage-matched embryo, and lane 2 is control without re-
erse transcriptase. Control, ni.AC (noninjected AC).
ntisense Mopholino Oligonucleotides and Rescue Constructs
everal translation-blocking antisense morpholino oligonucleo-
ides were used (MO, GeneTools): a standard control MO coupled
Control of Neural Crest Induction by Msx1 and Pax3
177to fluorescein (GeneTools), the commercially available β-catenin
MO, and an FGF8-MO (Fletcher et al., in preparation). We have
blocked Xl Msx1 translation by using a 5#-GCCATACAGAGAGAT
CCGAGCTGAG-3# MO (Msx1-MO) and Xl Pax3 by using the 5#-TCT
CAGTTCCCTTGCCAAGTATTAA-3# MO (Pax3-MO). A second MO
with two mismatches with the Pax3 5# upstream sequence was
also used (Pax3-MO-mis, 5#-CAGCCAAGCTGGTCATCATCAGTTC-
3#). The activity of the MOs was tested in reticulocyte lysate tran-
scription-translation assay (TNT Kit, Promega). The specificity of
the phenotypes was verified with rescue experiments by using
either the truncated Xenopus tropicalis Msx1 mRNA or the mouse
Pax3 mRNA by coinjections or successive injections in the same
cell.
Supplemental Data
Supplemental Data include five figures and can be found with this
article online at http://www.developmentalcell.com/cgi/content/
full/8/2/167/DC1/.
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